Three auxin analogs, 4-, 5-, and 6-azido-3-indoleacetic acid (4N3-IAA, 5-N3-IAA, and 6-NA-IAA) have been synthesized for use as fluorescent photoaffinity labeling agents. The pKa values of these compounds (4-N3-IAA, 4.67; 5-Ns-IAA, 4.65; 6-N3-IAA, 4.66; all ± 0.04) are experimentally indisfinguishable from the pK. of 3-indoleacetic acid (IAA, 4.69 ± 0.04). The auxin activity of these IAA derivatives has been determined in several systems. In soybean, pea, and corn straight growth assays, all three analogs induce growth comparable to that caused by IAA. In the tobacco pith assay, anl three analogs elicit a maximum increase in fresh weight at least 40 to 50% of that caused by IAA. Optimal growth is attained in the tobacco pith assay at slightly higher concentrations of 4Ns-IAA and 6-N3-IAA (30 micromolar) than required for IAA (10 micromolar); however, maximal growth is achieved at a slightly lower concentration of 5-N3-IAA (3 micromolar). The NA-IAAs, like IAA, are transported basipetally through tobacco pith tissue.
cally active concentrations of auxins are low; (b) the concentration of receptors may be lower still; (c) there may be more than one auxin hormone receptor; (d) auxin may bind to metabolic enzymes and transport receptors as well as to hormone receptors; and (e) binding to auxin receptors may be weak, it seems unlikely that noncovalent interactions will be sufficient to permit isolation of hormone receptors. Indeed, previous attempts to use affinity chromatography for this purpose (60) have led to the isolation of proteins of uncertain physiological significance, as have similar attempts to isolate cytokinin hormone receptors (41) .
The decline in the rate of appearance of reports on auxin binding in the past 2 years compared to the rate during the 6 years immediately following the initial demonstration of auxin binding (23) and recent attempts to predict the properties of the auxin receptor from empirical structure-activity correlations (29, 33, 49) signal the need for a fresh approach to the problem of isolating an auxin receptor.
To this end, we have synthesized three auxin analogs, 4-, 5-, and 6-azido-3-indoleacetic acid (4-N3-IAA, 5-N3-IAA, and 6-N3-IAA)7 for use as fluorescent photoaffinity labeling agents. The technique of photoaffinity labeling, which has been used to study animal hormones and to characterize the active sites of enzymes, has been thoroughly reviewed (6, 14-16, 30, 32 (20) . The choice of 4-N3-IAA, 5-N3-IAA, and 6-N3-IAA as substrate analogs was guided by several considerations. (a) The compounds are derivatives of LAA, the natural auxin. (b) All ringsubstituted monochloroindoleacetic acids and one dichloroindoleacetic acid are known, and their auxin activities have been found to decrease in the order 4-Cl > 6-Cl > 5-Cl > 7-Cl > 2-Cl > 5,7-diCl (25, 48) . The first three members of this series exhibit very high auxin activity, greater than that of IAA. Recently, 4-Cl-IAA, the most active auxin presently known, has been reported to occur in nature (10) . (c) The electronic and steric similarities between halogens and the azido group (56) (40, 53) . Based on bond strengths, known reactivities of aryl azides, and the lack of precedent for biological hydrogenolytic cleavage of the Car-N bond, the possibility that the N3-IAA might be metabolized to IAA itself is negligible (1, 5, 8, 56) . The 2-and 7-azido isomers were not chosen for use as fluorescent photoaffmity labeling agents because of both the low auxin activity of the corresponding chloro compounds (25, 48) and the likelihood of tetrazole or tetrazine formation, respectively, with the ring nitrogen (7) .
Here, we describe the synthesis of 4-N3-IAA, 5-N3-IAA, and 6-N3-IAA and discuss the auxin activity observed for these com- 4-Nitrogramine (3a) and 6-Nitrogramine (3c). These compounds were prepared simultaneously by nitrating gramine (2) (Aldrich) with fuming HNO3, according to the procedure of Hester (24 (4a, b, or c) . The preparation and characterization of these substances, which are mixtures of 4-, 5-, or 6-nitrogramine methiodide, the corresponding nitrosubstituted 3,3'-bis(indolylmethyl)dimethylammonium iodide, and tetramethylammonium iodide, is described elsewhere (38) . 4 -, 5-, or 6-Nitro-3-indoleacetonitrile (5a, b, or c). These compounds were synthesized by modification of several published procedures (11, 13, 24) , as described below. A 500-mi 3-necked Morton flask fitted with a thermometer, an overhead stirrer, and a reflux condenser was charged with 2.278 g freshly prepared "4-nitrogramine methiodide" (4a), 60 ml buffer containing 6.0 g glacial acetic acid and 13.6 g sodium acetate trihydrate/l, 60 ml namyl alcohol, and 2.278 g sodium cyanide. The mixture was heated at 70 C for 4 h with vigorous stirring and was then allowed to cool to room temperature, giving two liquid phases. After separation from the organic layer, the aqueous layer was extracted 3 times with 20-ml portions of n-amyl alcohol, and the n-amyl extracts were added to the organic layer from the reaction mixture. The combined organic phases were washed 3 times with 10-ml portions of water, diluted with an equal volume of water, and evaporated to dryness under reduced pressure. The The same procedure was followed when making 5-N3-IAA (8b), except that the filtrate and washings obtained by collecting and washing the crude product were extracted 3 times with benzene to improve the yield. This additional step had no effect on the yields for 4-N3-IAA and 6-N3-IAA, however, so it may be omitted in these cases. The benzene extracts were added to the appropriate pooled fractions eluted from the column and were coevaporated to dryness. (3) . All manipulations were carried out in the dark or under red light.
Distilled, C02-free H20 was used for dilutions. An accurately weighed sample of the compound for pKa determination was dissolved in a few milliliters of water to which two equivalents of 0.1 N NaOH (Acculite) had been added, the solution was transferred quantitatively to a 50-ml volumetric flask and diluted to the mark. A 20-ml aliquot was transferred to a 50-ml Erlenmeyer flask. The solution was stirred by gentle introduction of argon through a transfer pipet and titrated with 0.1 N HCI (Acculite) in increments of 0.01 ml via a microliter pipet until an excess of HCI (24) . Separation of isomers from the resulting mixture of 4-and 6-nitrogramine (3a and 3c) by careful fractional precipitation and recrystallization appeared to be complete. The NMR spectra of the purified isomers showed no cross-contamination and no contamination by gramine (2) . The isomeric purity of 3a and 3c was further supported by close agreement between the melting points observed here and the literature values (1 1, 26 ) obtained when the compounds were prepared from 4-nitroindole (46) and 6-nitroindole (36) . The synthesis of the remaining isomer, 5-N3-IAA (8b), utilized 5-nitroindole (1), formaldehyde, and dimethylamine as starting materials to form 5-nitrogramine (3b).
From this stage forward, all three isomers of each intermediate and of the target compound were prepared by the same pathway, individual reactions being tailored to suit particular isomers (Scheme I).
Conversion of the nitrogramines (3a, b, and c) to the corresponding nitrogramine methiodides (4a, b, and c) was achieved by rapid addition of a 15-fold excess of methyl iodide to ethanolic solutions of the nitrogramines (11, 38) . Although this procedure gives mixtures of the desired nitrogramine methiodides, the corresponding nitro-substituted 3,3'-bis(indolylmethyl)dimethylammonium iodides, and tetramethylammonium iodide (22, 38) , the crude product can be used directly for the next step of the synthesis. For 5-and 6-nitrogramine (3b and 3c), but not for the 4-isomer, the ratio of nitrogramine to bisindolyl product can be improved by running the reaction in neat methyl iodide (38) .
From the crude methiodides, the corresponding nitro-3-indoleacetonitriles (5a, b, and c) were prepared by nucleophilic displacement with cyanide according to an adaptation of several published procedures (11, 13, 24) . Improved mixing, lengthened reaction times, removal of n-amyl alcohol as an azeotrope with water under reduced pressure, and different recrystallization solvents gave higher yields than were possible in our hands for the procedures as originally described. Attempts to form the nitriles in unbuffered, single-phase reactions (18, 22) as previously described (11, 13, 26) .
Several methods were tried for reducing the N02-IAAs (6a, b, and c) to the corresponding NH2-IAAs (7a, b, and c), including hydrogen and platinum oxide (18) , hydrogen and 10%o palladium on charcoal (24) , hydrogen and Raney nickel (1 1), and hydrazine and Raney nickel (12) . According to TLC and NMR, all methods produced the desired compounds, but hydrogen and Raney nickel gave the fewest by-products and the best yields. Also, ethanol as solvent gave better purities than methanol. Although removing the products from the catalyst by repeated washings with absolute ethanol (hot or cold) was inefficient for 4-NH2-IAA and 5-NH2-IAA (7a and 7b), washing with 2 N NH40H proved to be an effective method of solubilizing these products. When NH40H was used, moreover, purities were reduced. Generation of the NH2-IAAs (7a, b, and c) in high initial purity is important because these compounds are sensitive to both light and air, making purification difficult. Since storage is impractical, the crude NH2-IAAs (7a, b, and c) were kept under argon in the dark and were used for the synthesis of the N3-IAAs (8a, b, and c) within 24 h of preparation.
The N3-IAAs (8a, b, and c) were made from the crude NH2-IAAs (7a, b, and c) by diazotization at 0 C with sodium nitrite in 80%o (v/v) aqueous actic acid, followed by nucleophilic displacement by sodium azide, liberating nitrogen. The reaction does not work in dilute hydrochloric, sulfuric, or phosphoric acids. Despite the tarry appearance of the crude product from 80o acetic acid, IR spectroscopy indicated the presence of organic azide. Reasonable yields of all three N3-IAAs (8a, b, and c) were obtained after purification by column chromatography followed by precipitation from aqueous base on addition of HCI.
In addition to their structural similarity to natural auxin, the N3-IAAs (8a, b, and c) have many characteristics which make them convenient for use as IAA analogs. Like the nitro-3-indoleacetonitriles (5a, b, and c) and the N02-IAAs (6a, b, and c) (18) , the N3-IAAs (8a, b, and c) exhibit unusual stability in aqueous acid, compared to most derivatives of IAA. Like IAA, 8a, b, and c are reasonably stable in aqueous base. Although the aqueous solubilities of 8a, b, and c are somewhat lower than the solubility of IAA (47), 8a, b, and c are readily soluble in ethanol or in aqueous base. As shown in Table I , the pKa values of 8a, b, and c are indistinguishable from the pKa of natural auxin, within experimental error. As solids, 8a, b, and c are stable on storage in the dark for at least 2 years, judging by constancy of TLC and quantitative UV spectra for all three isomers. The UV spectra of these compounds in absolute ethanol also remain constant for at least 2 months when the solutions are stored in the dark at room temperature. The nonfluorescent N3-IAAs (8a, b, and c) are insensitive to low intensity red or green light (A > 450 nm), but they decompose to fluorescent materials in absolute ethanol on exposure to either 254-or 365-nm light. Identification of the photoproducts is under investigation.
Bioassays. The unphotolyzed N3-IAAs (8a, b, and c) were tested for auxin activity in several plant systems. In the straight growth assay, soybean, pea, and corn stem tissues were used. All three i~- 6 .0 . auxin analogs demonstrate high auxin activity in this test (Figs.  1-3 ). Individual differences among the four auxins are apparent at low concentrations, and the potency of a given N3-IAA relative to IAA varies slightly from one tissue to the next, but the N3-IAAs induce maximal growth comparable to that caused by IAA at concentrations similar to those at which IAA induces maximal growth. When induced growth of soybean stem tissue is monitored on a minute by minute basis by a linear position-sensitive transducer (growth rate assay) (57), all three auxin analogs (8a, b, and c) have auxin activity comparable to that of IAA with respect to the maximum rate of growth attained, the lag phase between the addition of the analogs and the induced growth, and the concentration at which optimum growth rate is observed (data not shown). The N3-IAAs were also tested for auxin activity by measuring fresh weight increase of cultured tobacco pith (Fig. 4) .
In this assay, all three analogs (8a, b, and c) exhibit a maximum increase in fresh weight at least 40 to 50%o of that caused by IAA. Although optimal growth is attained at slightly higher concentrations of 4-N3-IAA and 6-N3-IAA (8a and 8c) (30 t,M) than are required for IAA (10 pM), maximal growth is achieved at a slightly lower concentration of 5-N3-IAA (8b) (3 tIM).
The ability of the N3-IAAs (8a, b, and c) to be transported basipetally (and not acropetally), the type of transport known to occur for IAA, was also tested. When cubes of tobacco pith were oriented with the morphological apical end down on a growth medium containing IAA or one of the N3-IAAs (8a, b, and c), callus formed all over the cube within 10 days. By contrast, when the basal end of the cube contacted the medium, callus formed only around the base.
These assays demonstrate that the N3-IAAs (8a, b, and c) are strikingly similar to natural auxin, a conclusion which is especially significant given the wide variety of plant systems in which the compounds were tested. Soybean is an epigeal dicot, pea a hypogeal dicot, corn a monocot. As shown by the tobacco pith assay, the N3-IAAs (8a, b, and c) also closely mimic natural auxin in dedifferentiated tissue. Experiments using these active auxin analogs as fluorescent photoaffmity labeling agents are in progress.
